
Journal of Chromatography, 642 (1993) 301-317 
Elsevier Science Publishers B.V., Amsterdam 

CHROMSYMP. 2708 

Factors controlling quantitative supercritical fluid 
extraction of environmental samples 

Steven B. Hawthorne*, David J. Miller, Mark D. Burford, John J. Langenfeld, Sally 
Eckert-Tilotta and Peter K. Louie 
Energy and Environmental Research Center, Campus Box 9018, University of North Dakota, Grand Forks, ND 58202-9018 (USA) 

ABSTRACT 

The development of quantitative supercritical fluid extraction (SFE) methods for the recovery of organic pollutants from envi- 
ronmental samples requires three steps: quantitative partitioning of the analytes from the sample into the extraction fluid, quantitative 
removal from the extraction vessel, and quantitative collection of the extracted analytes. While spike recovery studies are an excellent 
method to develop the final two steps, they are often not valid for determining extraction efficiencies from complex real-world samples 
such as soils and sediments, exchaust par&dates, and sludges. SFE conditions that yield quantitative recoveries of spiked analytes may 
recover < 10% of the same analytes from real-world samples, because spiked pollutants are not exposed to the same active sites as the 
native pollutants. Because of the heterogeneous nature of environmental samples, the partitioning step may be controlled by analyte 
solubility in the extraction fluid, kinetic limitations, and/or the ability of the extraction fluid to interrupt matrix-analyte interactions. 
While the interactions that control SFE rates from heterogenous environmental samples are not well understood, a generalized scheme 
for developing quantitative SFE methods is proposed based on interactive considerations of the collection efficiencies after SFE, fluid 
flow parameters in the extraction cell, analyte solubility, extraction kinetics, and analyte-matrix-extraction fluid interactions. The 
proposed development scheme includes increasing SFE extraction rates by the use of more polar fluids than CO, such as CHClF,, the 
addition of organic modifiers to CO,, and the use of high temperature extractions with pure CO,. Validation of quantitative extractions 
based on multiple extraction methods (SFE followed by liquid solvent extractions) is also described. 

INTRODUCTION 

The interest in using supercritical fluids as a re- 
placement for conventional liquid solvents for the 
extraction of organic pollutants fromenvironmen- 
tal samples has increased rapidly because of the 
need to reduce liquid solvent wastes as well as to 
perform more rapid sample preparations [1,2]. Ac- 
ceptance of supercritical fluid extraction (SFE) by 
the regulatory community has begun as demon- 
strated by the recent approval of the first SFE meth- 
od as a replacement for conventional Soxhlet ex- 
traction of total petroleum hydrocarbons (TPH) by 
the US Environmental Protection Agency [3]. 

While an increasing number of quantitative ap- 
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plications of SFE for the extraction of environmen- 
tal pollutants has been reported in recent years, re- 
ported recoveries are often low and there has been 
little consistency in the SFE conditions (e.g., fluid 
choice, presence and identity of modifiers, pressure, 
temperature, extraction flow-rate) among the vari- 
ous reports. Review of the available literature dem- 
onstrates that SFE conditions that successfully ex- 
tract a specific pollutant from one environmental 
sample may not yield quantitative recovery from a 
different matrix. (Similar inconsistencies exist for 
conventional liquid solvent extraction methods, but 
are rarely investigated and discussed.) For example, 
extraction with pure CO2 has yielded quantitative 
recovery of polychlorinated biphenyls (PCBs) from 
polyurethane foam (PUF) sorbent resins [4], while 
the use of similar SFE conditions only resulted in 
cu. 60% recoveries of the same PCB congeners from 
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sediment [5]. It is becoming increasingly clear that 
high solubility of a particular species in the super- 
critical fluid is not a sufficient condition to yield 
high extraction efficiencies, and that the ability of 
the supercritical fluid to overcome matrix-analyte 
interactions is often more important than high solu- 
bility for achieving quantitative recoveries. While 
the interactions of pollutant molecules with a sor- 
bent resin may be expected to be relatively homoge- 
neous, pollutants may interact with several different 
binding sites (each having different binding 
strengths) with heterogeneous environmental sol- 
ids. Even when pollutant molecules are efficiently 
extracted, volatile and semi-volatile organics can 
easily be lost during the collection step since the 
analytes are generally collected from the depressur- 
ized fluid at a high gas flow-rate. 

The present paper describes factors that we have 
found to be important in developing quantitative 
SFE methods for extracting common pollutants 
from environmental matrices. The discussion will 
focus on the extraction of heterogeneous real-world 
samples (such as soil, sediments, sludges, and air 
particulates), since the potential analyte-matrix in- 
teractions are more complex than those expected 
for sorbent resins. Attempts are made to explain the 
differences in the extraction behavior of analytes 
from different matrices, and a general approach to 
developing quantitative SFE methods for complex 
environmental solids is presented. While the under- 
standing of supercritical fluid-analyte-matrix inter- 
actions is far from complete, it is hoped that the 
present work will provide some useful guiding prin- 
cipals for the development of quantitative SFE 
methods for complex environmental samples. 

EXPERIMENTAL 

Except for the spike recovery studies, all samples 
contained native (not spiked) pollutants. Certified 
reference samples including urban air particulate 
matter (SRM 1649) and river sediment (SRM 1939) 
were used as received from the National Institute of 
Standards and Technology (NIST, Gaithersburg, 
MD, USA). Contaminated soils and a petroleum 
waste sludge were used as received except that the 
soils were sieved through a 3.35-mm (6 mesh) screen 
to remove rocks and sticks before extraction. 

All SFE extractions were performed using either 

ISCO Model 260D or 1OOD syringe pumps connect- 
ed to either an ISCO Model SFX2-10 extraction 
unit or extraction cells from Keystone Scientific 
(Bellefonte, PA, USA) which were placed into a 
tube heater or a chromatographic oven to control 
temperature. Flow-rates through the extraction 
cells were controlled at the desired values of ca. 
0.1-3 ml/min (measured as liquid flow at the pump) 
by 10-15 cm lengths of fused-silica tubing having 
inner diameters of 10-50 pm. Unless otherwise 
noted, all extracts were collected in 3-5 ml of a suit- 
able organic solvent [acetone for GCelectron-cap- 
ture detection (ECD) determinations of PCBs, per- 
chloroethylene for infrared determinations, and 
methylene chloride for GC-MS and GC- flame ion- 
ization detection (FID) determinations]. 

Extracts were analyzed using Hewlett-Packard 
Model 5890 GCs equipped with FID and ECD sys- 
tems. GC-MS analyses were performed with a 
Hewlett-Packard Model 5988 GC-MS system. 
Chromatographs were equipped with HP-5 (25 m 
x 320 pm I.D., 0.17 pm film thickness) or J&W 

DB-5 (60 m x 250 pm I.D., 0.25 pm film thickness) 
columns. TPH concentrations in extracts were de- 
termined using a Foxboro Model MIRAN-1A in- 
frared spectrometer (Foxboro, MA, USA) as de- 
scribed earlier [6]. 

The relative extraction rates of spiked versus na- 
tive polycyclic aromatic hydrocarbons (PAHs) were 
performed by spiking l-10 ,ul of a methylene chlo- 
ride solution containing [2Hs]naphthalene, 
[2H,0]phenanthrene, [2H,0]pyrene, [‘H12]chrysene, 
and [2H12]benzo[b]fluoranthene onto the sample of 
interest (each of which contained native PAHs), 
and either extracting after 10 min or after a 14-h 
waiting period. The relative extraction rates were 
determined by collecting timed fractions, adding l- 
chloroanthracene as an internal standard, and de- 
termining the concentration of each deuterated 
PAH spike and each native PAH by monitoring 
their molecular ion by GC-MS. 

RESULTS AND DISCUSSION 

Conceptual steps in an SFE 
The quantitative extraction of a particular pollu- 

tant from an environmental solid can be viewed as a 
three step process: First, the analyte must be effi- 
ciently (and rapidly) partitioned from the sample 
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matrix into the bulk supercritical fluid. Second, the 
analyte must be swept from the sample extraction 
cell. Finally, the analyte must be efficiently collected 
in a form that is compatible with the method used 
for analysis of the extract. While the first step is 
controlled by the chemistry of the system, steps two 
and three are essentially controlled by the mechan- 
ics or “plumbing” of the extractor including (but 
not limited to) the dimensions of the extraction cell 
(and sample size), the flow-rate of the supercritical 
fluid, and the efficiency of the collection device. Be- 
cause the physiochemical processes that control 
SFE extraction (and collection) efficiencies are not 
well understood, particularly for heterogeneous en- 
vironmental samples, and because of the large va- 
riety of SFE extraction and collection methods that 
are used, a discussion which includes all the relevant 
variables is beyond the scope of this paper (and in- 
deed, is not possible with the present understanding 
of SFE processes). Therefore, the following discus- 
sion will attempt to present guidelines which we 
have found to be useful in evaluating and devel- 
oping the important steps in SFE. 

Trapping ejkiencies. Since the first two steps in 
the SFE experiment listed above can not be accu- 
rately evaluated until the third step is quantitatively 
efficient, the collection of extracted analytes will be 
addressed first. Although trapping of analytes using 
SFE has been performed by “on-line” techniques 
including SFE-GC, SFE-supercritical fluid chro- 
matograph (SFC), and SFE--LC [1,2,7-91, the vast 
majority of applications have utilized “off-line” 
trapping either in a cryogenic or sorbent trap, or 
(most commonly) by trapping in a small volume of 
liquid solvent [l]. Each collection method (with the 
possible exceptions of SFE-SFC and SFE-LC) de- 
pends on depressurizing the compressed supercrit- 
ical fluid to ambient conditions with a coincident 
deposition of the analytes in (or on) the collection 
media. Since, for example, a 1-ml/min flow of su- 
percritical COZ depressurizes to ca. 500 ml/min of 
gaseous COZ, the collection step essentially be- 
comes a problem in efficiently trapping the analytes 
from a high-flow gas stream. Although the analytes 
(and depressurized fluid) are cooled because of the 
expansion upon depressurization, trapping efficien- 
cies can be very low depending upon the method 
used for collecting the extracted analytes. 

While the loss of volatile analytes seems most 

likely, even relatively non-volatile species can be 
lost during the collection step. Each collection 
method has potential loss mechanisms associated 
with the phenomena used for trapping. For exam- 
ple, off-line trapping mechanisms have generally 
poor recoveries of very volatile analytes (e.g., hex- 
ane, benzene), but the losses of volatiles with cryo- 
genic trapping can be particularly severe. With cer- 
tain designs of cryogenic traps, losses of >95% of 
compounds as non-volatile as chrysene (b.p. 440 
“C) have been reported [9]. Sorbent traps must 
quantitatively retain all of the analytes of interest as 
well as allow them to be quantitatively recovered 
after collection. Quantitative retention on sorbent 
traps is particularly difficult when organically-mod- 
ified COZ is used for the extraction, because the or- 
ganic modifier (e.g., methanol) becomes a liquid 
solvent upon depressurization and can itself elute 
the target analytes from the sorbent resin during the 
SFE step, resulting in low apparent recoveries [lo]. 
The collection efficiencies (particularly of more vol- 
atile components) obtained using the most common 
collection method, liquid solvent trapping, can be 
affected by the identity of the collection solvent, sol- 
vent volume and temperature, collection vial de- 
sign, the flow-rate of the extraction fluid, and the 
use of restrictor heaters (to reduce restrictor plug- 
ging, see refs. 11-13). Unfortunately, all trapping 
methods used for SFE can suffer from less-than- 
quantitative collection efficiencies which are often 
(and unfortunately) attributed to poor extraction 
rather than collection efficiencies. Because of the 
potential for poor collection of analytes after SFE 
(regardless of the collection method used), the first 
major step in developing any SFE method should 
be the testing (and if necessary) the development of 
quantitatively efficient collection methods. Appro- 
priately designed spike recovery studies will not on- 
ly aid in developing an efficient collection system, 
but will also determine if the target analytes have 
sufficient solubility to extract under the SFE condi- 
tions selected initially. However, as discussed be- 
low, they are not an appropriate method for devel- 
oping quantitative extraction conditions because of 
large potential differences in the matrix-analyte in- 
teractions experienced by spiked and native mole- 
cules. 

The extraction conditions to be used for the real- 
world samples should be used to extract the ana- 
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lytes of interest spiked at known concentrations on- 
to a relatively inert matrix (i.e., the spiked matrix 
should retain the spiked analytes until the SFE ex- 
traction is begun, but should not retain the spiked 
analytes during the SFE extraction since the goal is 
to evaluate only the collection method). For exam- 
ple, to evaluate the liquid solvent collection condi- 
tions used for the representative pollutants shown 
in Table I, cu. 18 pg of each species was spiked onto 
sand, extracted with the conditions that were ex- 
pected to be used for real-world samples, and col- 
lected with the various test solvents [l 11. Since the 
method was to be used for wet soil samples, the 
restrictors and solvent were mildly heated with a 
heat gun to avoid restrictor plugging expected from 
ice formation. As shown in Table I, recoveries of 
the analytes in hexane and methanol were partic- 
ularly poor, and could have been mistakenly eval- 
uated as poor extraction (rather than collection) ef- 
ficiencies. Also note that, in addition to the identity 
of the collection solvent, additional collection con- 
ditions (including extraction fluid flow-rate, heating 
methods used to avoid restrictor plugging, collec- 
tion solvent volume and temperature, and collec- 
tion vial shape) may affect the collection efficiencies 
[ 1 l- 131. For example, heating the collection solvent 
and restrictor with a heat gun limited the collection 
efficiencies in the best solvent (methylene chloride) 
to cu. 75-90%. However when ice formation was 
avoided by keeping the collection solvent temper- 
ature from cooling below 5°C using a heating block 

(rather than with a heat gun), the collection effi- 
ciency increased to >98% for all of the test ana- 
lytes using only 3 ml of methylene chloride as the 
collection solvent (Table I). 

Losses that o&r with collection in a liquid sol- 
vent may occur both because a particular analyte 
molecule is never trapped in the solvent, or because 
trapped molecules are purged from the collection 
solvent by the high gas flow of the depressurized 
extraction fluid. The purging losses of analytes from 
the collection solvent can easily be tested by prepar- 
ing a suitable standard solution in the collection sol- 
vent and purging the solution with the extraction 
fluid in the same manner as that used for sample 
extractions. However, a previous study has demon- 
strated that the majority of losses can be attributed 
to inefficient partitioning of the analytes from the 
depressurized extraction fluid rather than to the 
purging of trapped analytes from the collection sol- 
vent [12], demonstrating that the best test of a col- 
lection system is the spike recovery study described 
above, rather than the purging study. 

Each different commercially-available (and lab- 
oratory-built) collection system can have greatly 
different collection efficiencies, and the extraction 
conditions themselves (e.g., flow-rate, type of re- 
strictor used, extraction fluid identity, extraction 
temperature, and the presence and identity of an 
organic modifier) can affect the collection efficien- 
cies. Because of the large number of experimental 
variables that can affect collection efficiencies, the 

TABLE I 

EFFECT OF SOLVENT ON COLLECTION EFFICIENCY OF REPRESENTATIVE SEMIVOLATILE POLLUTANTS 

Collections were done with mild heating of the restrictor to avoid plugging from ice formation. The methylene chloride samples were 

also collected by placing the collection solvent in a 5°C temperature block rather than heating to avoid ice formation. Results are 
adapted from ref. 11. 

Analyte SFE collection efficiency 

Hexane Methanol CH,Cl, CH,CI, (5°C) 

Phenol 43 f 2 55 f 12 71 f 2 98 f 1 

1,2-Dichlorobenzene 46 f 5 58 f 13 78 f 5 100 f 2 

2-Nitrophenol 57 f 5 61 f 8 80 f 5 99 f 1 

Pyrene 80 f 5 58 f I 90 f 3 99 f 5 

Benzo[ghi]perylene 71 f 2 67f I1 93 f 2 99 f 4 
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determination of the quantitative abilities of the 
collection device must be determined using appro- 
priate spike recovery studies prior to further devel- 
opment of the SFE method. Fortunately, even with 
relatively simple (and inexpensive) collection meth- 
ods using a few ml of liquid solvent, quantitative 
collection (> 900/,) of analytes as volatile as mono- 
terpenes, n-octane, naphthalene, and phenol are rel- 
atively simple to achieve [l l-1 31. When more vola- 
tile analytes are of interest, the use of sorbent trap- 
ping or on-line SFE-GC techniques should be in- 
vestigated [1,2,7,8]. 

Eflect of extraction$ow rate and cell design. Once 
quantitative collection conditions have been devel- 
oped for the analytes of interest, the effects of the 
“step 2” (sweeping the analytes out of the cell) ex- 
perimental parameters can be evaluated. Factors 
that could potentially control the rate at which an 
extracted analyte is swept through the sample cell 
include the volume of the cell (and associated dead 
volume not occupied by the sample), cell orienta- 
tion, and flow-rate of the supercritical fluid. 

First, the extraction cell should be selected to 
minimize the dead volume of the system, since in 
general, this will allow larger samples to be extract- 
ed with lower extraction fluid flow-rates (thereby 
reducing the amount of fluid needed and simplify- 
ing the collection of more volatile analytes). How- 
ever, the exact cell size needed for various samples is 
often not available. In such cases, filling the cell 
with an inert material (e.g., clean sand) at the ex- 
traction fluid inlet end to reduce the void volume of 
the cell may be useful. Alternatively, simple consid- 
erations of flow patterns during SFE indicate that 
an extracted analyte should experience the least 
dead volume possible to minimize the time required 
for its removal from the cell. Therefore, if insuffi- 
cient sample is available to fill the extraction cell, 
the dead volume experienced by the analyte will be 
minimized by holding the extraction cell in a verti- 
cal position, and flowing the extraction fluid from 
the top to the bottom. 

The effect of cell (and extraction fluid flow) orien- 
tation on the removal of an easily extracted alkane 
(n-tridecane) from a 2-g sample of sand placed in a 
lo-ml extraction cell is shown in Fig. 1. All extrac- 
tions were performed in duplicate with a flow-rate 
of supercritical CO* of 1.5 ml/min (measured at the 
pump). Note that when the cell was placed vertical- 
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Fig. 1. Effect of cell orientation and extraction fluid flow direc- 
tion on the extraction rate of n-tridecane from a 2-g sample of 
sand placed in a lo-ml extraction cell. 

ly and the fluid was pumped from the top to the 
bottom, essentially all (>95%) of the tridecane is 
recovered after only ca. 3 ml (2 min into the extrac- 
tion) of fluid has passed through the cell (vertical 
“down-flow” in Fig. 1). Since the void volume 
above the sample was ca. 8.5 ml, this rapid recovery 
demonstrates that the linear velocity of the fluid 
was sufficient to prevent significant mixing of the 
extracted tridecane with the COZ present in the cell 
above the sample. In contrast, when the extraction 
was performed with the fluid flow from bottom to 
top, the recovery of the tridecane is retarded by ca. 
10 min, presumably because the extracted tridecane 
mixes in the cu. 8.5 ml of fluid present above the 
sample (vertical “up-flow” in Fig. 1). Similarly, the 
poorer flow patterns that exist when the cell is 
placed in the horizontal position also result in much 
slower recovery of the tridecane than when a verti- 
cal “down-flow” configuration is used (Fig. 1). 
While the dead volume considerations shown in 
Fig. 1 may seem obvious and trivial, it is interesting 
to note that the majority of commercial SFE in- 
struments available to date utilize either vertical 
“up-flow” or horizontal cell orientations rather 
than the vertical “down-flow” orientation shown to 
be superior for partially-filled cells. 

The example shown in Fig. 1 demonstrates the 
potential range of effects of cell orientation, flow 
direction, and cell dead volume on the recovery of 
an analyte that is very rapidly! partitioned from the 
matrix into the extraction fluid under the SFE con- 
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Fig. 2. Effect of cell orientation and cell dimensions on the ex- 
traction rate of fluoranthene from a 3-g sample of railroad bed 
soil. The “long-narrow” (132 mm x 5 mm I.D.) and “short- 
broad” (33 mm x 10 mm I.D.) vessels each had a volume of 2.5 
ml. Extraction efficiency (100%) was based on the final amount 
extracted after 100 min. 

ditions used. However, when extraction cells are 
completely filled with the sample, the effect of cell 
orientation (and shape) is reduced as shown in Fig. 
2 by the extraction of fluoranthene from railroad 
bed soil using a “short-broad” and a “long-nar- 
row” extraction cell that have identical volumes 
[ 111. While small differences in extraction rates from 
sorbent resins using different cell dimensions have 

Fig. 3. Effect of SFE flow-rate on the extraction of used motor 
oil from a 5-g sample of soil. Extractions were performed with 
340 atm CO, at 80°C as per the TPH method recently approved 
by the US Environmental Protection Agency [3,6]. Extraction 
efficiency (100%) was based on 4 h of Soxhlet extraction using 
trichlorotrifluoroethane. 

been reported [14], our experience with more than 
one hundred non-homogeneous environmental 
samples (e.g., sludges, soils and sediments, exhaust 
and air particulates) have nearly always shown a 
kinetic limitation in the partitioning step (discussed 
in more detail below) that far outweighs any small 
effects that might result from extraction cells having 
different dimensions (but the same volumes). Thus, 
the vast majority of real-world samples that we 
have investigated show little, if any, detectable ef- 
fect on the extraction rate of the native analytes 
based on cell shape or orientation when sample cells 
are kept full (Fig. 2). 

The effect of fluid flow-rate on SFE extraction 
rates can either be nearly negligible, or can be very 
important depending on the process that controls 
the overall rate of extraction from a particular real- 
world sample. Assuming that the cell orientation 
and dead volume considerations are properly ad- 
dressed as discussed above, two limiting cases for 
the effect of the fluid flow-rate can be imagined. 
First, the extraction flow-rate may be directly relat- 
ed to the rate at which analytes are recovered from 
the sample, or second, the fluid flow-rate will have 
no significant effect on the SFE extraction rate (as 
long as the fluid flow is sufficient to transport ex- 
tracted analytes out of the cell). Fig. 3 shows the 
effect of supercritical CO2 flow-rate on the extrac- 
tion rate of a sample of the first type, i.e., spilled 
motor oil hydrocarbons from soil (as determined by 
infrared spectrometry [6]). As shown in Fig. 3, the 
rate at which the hydrocarbons are extracted is 
closely related to the flow-rate of the supercritical 
COz, with higher extraction flow-rates (3.0 ml/min 
KS. 0.45 ml/min) yielding faster recoveries. In con- 
trast, the extraction of PAHs from a railroad bed 
soil and PCBs from a river sediment show virtually 
no dependence on the flow-rate of supercritical CO2 
as shown in Fig. 4. Little if any differences in the 
extraction rate was observed for flow-rates of 0.3 to 
0.9 ml/min for fluoranthene from the soil (Fig. 4, 
top). When the flow-rate was dropped to ca. 0.15 
ml/min, the recovery rate was slower, but since the 
void volume of this sample was ea. 1.5 ml, the slow- 
er apparent recovery rate was simply a result of in- 
efficient sweeping of the cell. However, when the 
flow-rate was sufficient to sweep the dead volume of 
the cell every few min (i.e., 0.3 ml/min or greater), 
further increases in the extraction fluid flow-rate 
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Fig. 4. Effect of SFE flow-rate on the extraction rate of fluoran- 

thene from a 3-g sample of railroad bed soil (top) and, of 
2,3’,4,4’,5-pentachlorobiphenyl from river sediment (bottom). 
The soil sample was extracted with 400 atm CO, at WC. Extrac- 
tion efficiency (100%) was based on the final amount extracted 
after 100 min. The recovery of the 2,3’,4,4’,5-pentachlorobiphe- 
nyl was based on the highest recovery achieved using 100 min of 
extraction with CO, at 2Oo”C, which was slightly higher (113%) 
than the recovery of the same species reported by NIST based on 
two sequential 16-h Soxhlet extractions [20]. 

yielded no increase in the extraction rate. Similarly, 
no significant difference was observed in the extrac- 
tion rate of 2,3’,4,4’,5-pentachlorobiphenyl from 
the sediment when the flow-rates were 0.4-1.5 ml/ 
min (Fig. 4, bottom). 

The results shown in Figs. 3 and 4 clearly demon- 
strate that different mechanisms control the extrac- 
tion rates of these two samples. Although the mech- 
anisms that control SFE recoveries of analytes from 
heterogeneous environmental samples are not near- 
ly well enough understood to fully explain the dif- 
ferent behavior of these two samples, our experi- 
ence with a wide variety of samples indicates that 

some useful generalizations can be made. Samples 
that show a high degree of dependence on the ex- 
traction fluid flow-rate (as shown in Fig. 3) general- 
ly have very high concentrations of analytes which 
appear to limit the extraction rate because of solu- 
bility limitations in the extraction fluid. For exam- 
ple, the motor oil-contaminated soil had a total hy- 
drocarbon concentration of ca. 80 mg/g (deter- 
mined by both SFE and conventional Soxhlet ex- 
traction for 4 h using trichlorotrifluoroethane). 
Since the concentration of these analytes was very 
high, it is likely that the bulk of the hydrocarbons 
were not exposed to active sites on the soil matrix 
and were therefore more “available” for extraction. 
Therefore, the extraction problem was primarily 
one of solvating the hydrocarbons, and the extrac- 
tion rate was increased by exposing the sample to 
larger volumes of the supercritical COZ extraction 
solvent per unit time. 

In contrast, the railroad bed soil sample shown in 
Fig. 4 contained a total PAH concentration of cu. 
100 pg/g (major species ranged from phenanthrene 
to PAHs with molecular masses of 252), so the ma- 
jority of the individual PAH molecules could inter- 
act with active sites on the soil matrix. Since the 
flow-rate of the extraction fluid had virtually no ef- 
fect on the extraction rates of the PAHs (as long as 
the sample void volume was swept every few min), 
the extraction rate appears to be limited by the ki- 
netics of the partitioning process between the soil 
matrix and the extraction fluid rather than being 
limited by the ability of the CO2 to solvate the 
PAHs. In our experience, this type of behavior (i.e., 
extraction rates that are relatively independent of 
fluid flow-rate) generally applies to heterogeneous 
environmental samples as long as the concentration 
of the pollutants is not so high that interaction of 
the majority of individual pollutant molecules with 
the matrix active sites is prevented simply by having 
too high of pollutant concentrations on the sample. 

In a practical sense, the extraction rate behavior 
exhibited by a particular sample at different flow- 
rates is useful to determine minimum flow-rates 
that will yield efficient recoveries. Flow rate studies 
are also useful to determine the reasonable upper 
sample size that can be extracted (e.g., larger sam- 
ples have larger associated void volumes in intersti- 
tial spaces, and therefore require higher flow-rates 
simply to sweep the sample void volume every few 
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min). Extractions that are controlled primarily by 
the partitioning kinetics (rather than having large 
amounts of available extraction fluid for the solva- 
tion step) can potentially be efficiently extracted in 
the static mode (that is, with no continual flow of 
the extraction fluid) provided that a short dynamic 
extraction is performed after the static extraction 
step simply to flush the extracted analytes out of the 
extraction cell. When extraction rates are controlled 
mostly by the fluid flow-rate, the use of extraction 
cell volumes (or any measurement of the total vol- 
ume of fluid passed through the sample) is a useful 
parameter to describe an SFE method. However, 
for the majority of the heterogeneous environmen- 
tal samples we have investigated, the extraction rate 
does not depend significantly on the fluid flow-rate, 
and the total volume of extraction fluid passed 
through a sample has little relevance to extraction 
efficiency since the contact time of the sample and 
the fluid is more important than the amount of ex- 
traction fluid that is used. 

Finally, the results of the flow-rate studies pro- 
vide insight as to whether the efficient extraction of 
a particular sample depends more on the partition 
constant between the fluid and the matrix active 
sites (i.e., the thermodynamics of the solvation 
process), or on increasing the rate at which parti- 
tioning occurs between the matrix and the extrac- 
tion fluid. Such information is useful in developing 
quantitative SFE extraction conditions as discussed 
below. 

Analyte partitioning from matrix into extraction 
fluid. The least understood step that controls the 
SFE efficiencies obtained from heterogeneous envi- 
ronmental solids is the partitioning of the pollutant 
molecules from the active sites in the sample matrix 
into the supercritical fluid (step 1). Because of the 
large number of possible interactions that might oc- 
cur between the pollutant molecules and an envi- 
ronmental matrix, a fundamental understanding of 
these partitioning processes has been impossible to 
attain. However, a preliminary (although admitted- 
ly naive) description of the processes that control 
SFE rates can be useful in developing quantitative 
SFE methods for complex environmental samples. 
The consideration of three general factors; analyte 
solubility, kinetic limitations, and analytematrix- 
extraction fluid interactions is useful for attempting 
to understand the extraction process in support of 
the development of quantitative SFE conditions. 

The first (and most obvious) requirement of an 
SFE condition is the ability of the extraction fluid 
to solvate the target analytes. While suitable solu- 
bility data in supercritical fluids is not available for 
the majority of environmentally-interesting ana- 
lytes, a recent review contains a sufficient number of 
related solubilities to allow some generalizations to 
be made [ 151. First, organic pollutants that are suffi- 
ciently polar and non-volatile that they cannot be 
analyzed with conventional capillary GC generally 
do not have sufficient solubility to be efficiently ex- 
tracted with pure COZ under conventional SFE 
conditions [e.g., 30&600 atm (1 atm = 101 325 Pa), 
45 to 8o”C]. (A notable exception to this general 
rule is fat components such as triglycerides.) For 
example, the use of pure COZ to extract ionic spe- 
cies such as the surfactant linear alkylbenzenesulfo- 
nate (LAS) shows little if any recoveries because of 
their low solubility. However, as their solubility in 
the supercritical COZ is increased by the addition of 
an organic modifier or ion pairing reagents, high 
extraction efficiencies can be obtained [16,17]. 

Just as polar and high-molecular-mass analytes 
generally do not have sufficient solubility to dis- 
solve in pure COZ, species that are amenable to GC 
analysis generally do have sufficient solubility to 
make their extraction using pure CO2 seem likely. 
For example, the solubilities of several common 
pollutants are shown in Table II. Based on the solu- 
bility data, it should be possible to quantitatively 

TABLE II 

ESTIMATED SOLUBILITIES OF REPRESENTATIVE OR- 
GANICS IN SUPERCRITICAL CO, AT 400 atm AND 50°C 

Solubilities were estimated based on the tabulations given in ref. 
15. 

Species Solubility (mg/ml) 

Docosane 320 
Phenol 170 
p-Chlorophenol 140 
Hexachloroethane 230 
Diphenylamine 31 
Naphthalene 160 
Phenanthrene 13 
Pyrene 3 
Dibenzothiophene 11 
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extract a l-g sample contaminated with 13 000 fig/g 
(cu. l%, w/w) of phenanthrene using only 1 ml of 
supercritical CO* at 400 atm and 50°C. Since the 
relevant environmental concentrations of such pol- 
lutants are typically much lower (e.g., rig/g to pg/g), 
one might expect that pure COz extractions of such 
species would be highly efficient. While many of the 
early SFE investigations were based on the assump- 
tion that attaining high solubility in the supercrit- 
ical fluid should be sufficient to obtain high extrac- 
tion efficiencies from environmental samples, the 
unfortunate truth is that high solubility in the ex- 
traction fluid is generally not a sufficient condition 
to yield high extraction efficiencies [ 1,5,9,18-211, 
and such results clearly demonstrate that additional 
factors for real-world samples must be considered. 

In addition to the obvious need for adequate sol- 
ubility, a successful extraction condition must over- 
come the interactions between the analyte and the 
matrix to affect a favorable partitioning into the 
supercritical fluid (loosely termed the “thermody- 
namic problem” for this discussion). The extraction 
condition must also cause this partitioning to occur 
rapidly (on the time scale of the extraction experi- 
ment) for high recoveries to occur in a reasonable 
time (loosely termed the “kinetic problem”). Obvi- 
ously, these factors depend on the nature of the in- 
teractions between the analytes and matrix compo- 
nents. Unfortunately, the nature of analyte-matrix 
interactions between pollutants and heterogeneous 
environmental samples is not well understood, and 
the potential for different types of interactions 
seems nearly endless as composition of individual 
matrix components is considered. For example, the 
pollutants in a soil sample may be associated with a 
variety of inorganic (e.g., alumina, silica) and/or or- 
ganic (e.g., humic and fulvic) active sites, each with 
different binding strengths. (In contrast, the num- 
ber of possible interactions between analytes and 
sorbent resins is relatively limited.) In addition, the 
extraction of the pollutants may be inhibited by 
physical barriers including being located in intersti- 
tial micropores in the soil particles (or between clay 
plates), being covered by (or associated with) bulk 
organic material, or by being coated with droplets 
of water that may need to first be extracted before 
the analyte is accessible for extraction. The differ- 
ences in potential interactions multiply when ma- 
trices in addition to soil are considered (e.g., sludges 

and exhaust particulates), however, in every case 
both the “thermodynamic” and “kinetic” problems 
need to be solved to develop a successful extraction 
method. 

The effect of extraction flow-rate on the extrac- 
tion rate can be used to investigate whether the ma- 
jor limitation to achieving rapid extractions is pri- 
marily a “thermodynamic” (i.e., the distribution of 
the analyte between the supercritical fluid and the 
sample matrix at equilibrium) or “kinetic” (i.e, the 
time required to approach that equilibrium) prob- 
lem. For samples that show a dramatic increase in 
extraction rate when the extraction fluid flow-rate is 
increased (Fig. 3), the kinetics of the extraction 
process appear to be fast, and the extraction will be 
improved by increasing the proportion (partition 
constant) of the analytes in the extraction fluid or 
by simply exposing the sample to more fluid. In 
contrast, if there is no large effect of fluid flow-rate 
on the extraction rates, it appears that the kinetics 
of the desorption process is slow, and these slow 
kinetics limit the overall extraction rate more than 
the equilibrium distribution of the analyte between 
the matrix and the extraction fluid [18,19,21-231. 
Finally, it must be remembered that many different 
interactions of a pollutant species with a sample 
matrix are possible, and the lack of understanding 
of the processes that control analyte-matrix inter- 
actions and therefore control SFE extraction mech- 
anisms makes a priori prediction of quantitative ex- 
traction conditions impossible. However, sufficient 
work has been reported to allow a somewhat logical 
approach to developing an SFE method to be sug- 
gested as discussed below. 

Validating a quantitative SFE method 
In addition to the large number of different ana- 

lyte-matrix combinations and interactions, the de- 
velopment of any extraction method for real-world 
environmental samples is severely limited by the 
fact that it is simply not possible to know the exact 
concentration of any target pollutant on any sam- 
ple. Since samples with known concentrations of 
native (not spiked) pollutants are not possible to 
obtain, the development and validation of a quanti- 
tative extraction method for environmental samples 
is generally based on one of the three following ap- 
proaches, each depending on assumptions that may 
or may not be valid: 



310 

(i) Determining the recovery of known concen- 
trations of spiked compounds from the sample (or 
similar) matrix. This approach assumes that spiked 
analytes behave like native analytes during the ex- 
traction, and also assumes that the spike is not lost 
between spiking and extraction from processes such 
as volatilization. 

(ii) Comparison of the recoveries of native ana- 
lytes with those achieved using conventionally-ac- 
cepted extraction methods (including the use of 
standard reference materials). This approach as- 
sumes that the conventional method is quantitative- 
ly efficient. 

(iii) Perform multiple sequential extractions of 
the same sample. This approach assumes that the 
final extraction performed removes all of the native 
analytes and that no additional analytes are associ- 
ated with the sample by stronger interactions than 
the analytes that were already extracted. 

While all three approaches have been used to de- 
velop (and to attempt to validate) SFE and other 
extraction methods, the complexity of environmen- 
tal samples and their potential interactions with 
pollutant molecules makes heavy reliance on any 
one validation technique unwise. (Obviously, the 
limitations of extraction validation methods apply 
to any extraction method, and are not associated 
only with SFE.) Perhaps the least reliable technique 
for validating the quantitative abilities of an extrac- 
tion method is the use of spike recoveries [21], sim- 
ply because the spiked analytes are not exposed to 
(e.g., contaminated soils) or formed with (e.g., soot 
samples) the same matrix active sites as are the na- 
tive pollutants. The potential errors in validating an 
SFE method based on spike recovery studies are 
shown in Fig. 5 by the relative extraction rates of 
native naphthalene and spiked [‘Hslnaphthalene 
from three different samples: urban air particulate 
matter, a petroleum waste sludge, and soil from a 
railroad bed. Each sample was spiked with the 
[‘Hslnaphthalene at the same approximate concen- 
tration as the native naphthalene, and the samples 
were extracted for 30 min with pure CO2 at 400 atm 
and 60°C. As shown in Fig. 5, quantitative recovery 
(>90%) of the spiked [‘H8]naphthalene was 
achieved after only 5 min of extraction, while the 
recovery of the native naphthalene was ca. 55%, 
18%, and 5%, for the soil, air particulate, and 
waste sludge samples, respectively. If a commonly- 

S. B. Hawthorne et al. / J. Chromatogr. 642 (1993) 301-317 

100 

80 

53 

pso 
B ‘O 

10 

0 
0 5 10 15 20 25 30 35 

Bxtractlon Time (minutes) 

A Pstroleum waste sludge 

Fig. 5. Extraction rates of spike [‘HJnaphthalene and native 
naphthalene from petroleum waste sludge, urban air particu- 
lates, and railroad bed soil. Percent recoveries were based on the 
total amounts extracted by sequential extractions with pure CO, 
(shown in the figure) at 400 atm and 60°C followed by CO,-10% 
methanol (same conditions) and finally by 14 h of sonication in 
methylene chloride. 

applied criterium for a successful extraction method 
was used (e.g., that >90% of the target spike was 
recovered), the results shown in Fig. 5 demonstrate 
that the same extraction time and conditions would 
fail to extract between 45% and 95% of the native 
naphthalene from the real-world samples. Even af- 
ter 30 min of extraction with pure COZ, the recov- 
eries of the native naphthalene were only 74 f 8%, 
30 f 5%, and 23 f 6%, respectively, compared to 
>98% for the recovery of the [‘Hs]naphthalene 
spike from all three samples. The results shown in 
Fig. 5 also clearly demonstrate that, as discussed 
above, solubility in the supercritical fluid is not a 
sufficient extraction condition since the solubility of 
naphthalene is ca. 160 mg/ml, while the concentra- 
tion of naphthalene was only ca. 1 pg/g, 3 pg/g, and 
100 pg/g for the air particulate, soil, and sludge 
samples, respectively (and since ca. 25 ml of super- 
critical CO2 was used for each extraction). It should 
also be noted that aging the spiked samples for 14 h 
compared to extracting freshly spiked samples had 
no effect on the extraction rates shown in Figs. 5 
and 6. 

While the results shown in Fig. 5 clearly demon- 
strate that the use of spike recoveries is not valid for 
determining quantitative extraction conditions, 
some spiked analytes do behave in a manner that is 
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similar to that displayed by the native analytes. For 
example, the SFE rates of the higher-molecular- 
mass PAH, chrysene, are more similar to those of 
the spiked [‘Hlz]chrysene when extracted from the 
same three samples as shown in Fig. 6, although 
significant differences still exist between the extrac- 
tion rates of the spiked and native chrysene for the 
air particulate and sludge samples. Since the differ- 
ences shown between spiked and native PAHs must 
be a result of differences in the strength of the ana- 
lyte-matrix interactions experienced by the individ- 
ual spiked and native PAH molecules, it would 
seem logical that spike recovery studies may be 
more relevant for highly contaminated samples 
with relatively few significant analytematrix inter- 
actions (e.g., the motor oil-contaminated soil sam- 
ple shown in Fig. 3). However, the results shown in 
Figs. 5 and 6 clearly demonstrate that spike recov- 
ery studies are best used to evaluate the collection 
efficiencies of an extraction method, and should not 
be used to determine quantitative extraction condi- 
tions. 

The second suggested method for validating 
quantitative extraction conditions is to compare the 

0 5 10 15 20 25 30 33 

ExtractIon Time (minutea) 
APetroleum waste tdudgc XUrban air psrticul~t~~ 0 Railroad bed solI 

Fig. 6. Extraction rates of spike [‘H,,]chrysene and native chry- 
sene from petroleum waste sludge, urban air particulates, and 
railroad bed soil. Percent recoveries were based on the total 
amounts extracted by sequential extractions with pure CO, 
(shown in the figure) at 400 atm and 60°C followed by CO,-10% 
methanol (same conditions) and finally by 14 h of sonication in 
methylene chloride. The slight lag in the recovery of the 
[‘H,,]chrysene from the urban air particulates was a result of 
chromatographic retention of the spike compound on the urban 
air particulate sample during SFE since the spike (placed on the 
top of the sample) had to be eluted through the sample before 
recovery. 

311 

results of the proposed SFE method with those of 
conventional and well-accepted extraction methods 
such as extraction with a liquid solvent in a Soxhlet 
apparatus. This approach includes the use of certi- 
fied reference standards, such as those available 
from NIST, that contain native pollutants for 
which concentrations have been certified based on 
exhaustive Soxhlet extraction and multiple analysis 
methods. (The use of certified reference materials to 
validate SFE methods for the extraction of PAHs 
and nitro-PAHs from urban air particulate matter, 
diesel exhaust particulates, and marine sediment, 
and PCBs from river sediment have been the subject 
of earlier reports, see refs. 5,20,24-26.) Perhaps the 
greatest advantage of certified reference materials is 
that investigators involved in SFE methods devel- 
opment can have a single “benchmark” data set for 
which to compare results between methods and lab- 
oratories. Similarly, when reference materials are 
not available, comparison of SFE results with stan- 
dard liquid solvent extractions (Soxhlet or sonica- 
tion) provides a somewhat consistent method to 
evaluate SFE results between methods and labora- 
tories. However, it should be noted that conven- 
tional liquid solvent extractions may not yield 
quantitative extraction of native analytes, and 
therefore a highly efficient SFE extraction may yield 
higher recoveries than Soxhlet or sonication extrac- 
tion. For example, the recoveries obtained for 
PAHs using SFE with CHC1F2 as the extraction 
fluid (30 min) were substantially higher from a pet- 
roleum waste sludge sample than those obtained us- 
ing 18 h of sonication with methylene chloride (e.g., 
recoveries of phenanthrene and benz[u]anthracene 
by SFE were ea. 120% and 150%, respectively, of 
those obtained from the sonication extraction [5]. 

The final approach to validating the quantitative 
abilities of an extraction method, performing mul- 
tiple extractions of a single sample, can be quite 
misleading or very useful depending on how it is 
performed. Early work in SFE (including work per- 
formed in this laboratory) often used a second se- 
quential SFE extraction performed under condi- 
tions identical to the first extraction in order to esti- 
mate the overall extraction efficiency. The assump- 
tion was that if (for example) the second extract 
contained substantially lower concentrations of the 
analytes than the first extraction, then the extrac- 
tion must be nearly quantitative. While this as- 
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sumption may be true if all of the individual mole- 
cules of a particular analyte extracted at the same 
rate, this assumption is clearly not valid for the ma- 
jority of environmental samples we have investigat- 
ed. For example, Fig. 7 shows the extraction rate 
(with pure CO2 at 400 atm and 50°C) of PCB con- 
geners 2,3’,4,4’-tetrachlorobiphenyl and 2,3’,4,4’,5- 
pentachlorobiphenyl from river sediment (NIST 
SRM 1939). The extraction curves show initially 
fast extractions, followed by increasingly slow rates 
of extraction as has been previously described by a 
kinetic model based on diffusion kinetics [22,23]. (It 
should be noted that diffusion of the analyte in the 
sample matrix is not likely to be the major limiting 
step for the extraction of heterogenous environmen- 
tal samples since grinding the samples does not gen- 
erally increase the extraction rate.) However, the 
model provides a useful mathematical description 
of the extraction rates observed for these samples. 
If, for example, two sequential extractions of PCB- 
contaminated sediment were performed for 40 and 
60 min, respectively, (i.e., O-40 min and 40-l 00 min 
in Fig. 7), no significant concentrations would be 
detected in the second extract, which could be in- 
terpreted that the first 40-min SFE extraction was 
quantitatively efficient. However, this is clearly not 
true, since the recovery of two PCB congeners was 
only cu. 50 and 70% at 40 min (based on the values 
certified by NIST based on Soxhlet extraction). 

Fig. 7. Extraction rates of 2,3’,4,4’,5-pentachlorobiphenyl (top) 
and 2,3’,4,4’-tetrachlorobiphenyl (bottom) from river sediment 
using 400 atm pure CO, at 50°C. Percent recoveries are based on 
those reported by NIST based on two sequential 16-h Soxhlet 
extractions. 

Quantitative recovery of the PCBs from the same 
sample has been achieved using methanol-modified 
COz, CHC1F2, and high-temperature extraction 
with pure CO* [5,20]. Note that, with the exception 
of the high concentration motor oil-contaminated 
soil (Fig. 3), all of the samples discussed in this pa- 
per show similar extraction curves as those of the 
PCB congeners shown in Fig. 7 (i.e., an initial fast 
extraction followed by a slow rise), which further 
demonstrates that the determination of quantitative 
recovery based on multiple sequential extractions 
with the same extraction condition is not valid. 

In contrast, the use of multiple extractions of a 
single sample with a different (and presumably 
stronger) extraction condition can be a very useful 
way to validate the quantitative ability of an extrac- 
tion method for real-world samples. This could in- 
clude extracting the residue from an SFE extraction 
by Soxhlet or sonication in an appropriate liquid 
solvent, by extracting the residue with a “stronger” 
SFE condition (e.g., by adding a modifier), or by a 
combination of the two approaches. For example, 
the total concentration of the PAHs in the petro- 
leum waste sludge, urban air particulates, and the 
railroad bed soil discussed earlier (100% recovery 
for Figs. 5 and 6) were determined by sequential 
extraction with 30 min of pure CO2 (400 atm, 
60°C) 30 min with COz modified with 10% metha- 
nol (400 atm, 6O”C), and finally by 14 h of sonica- 
tion of the SFE residue in methylene chloride [21]. 
With such an approach, if no significant concentra- 
tions of the target analytes are seen in the conven- 
tional liquid solvent extract performed on the resid- 
ue, it seems reasonable to conclude that the SFE 
extraction was quantitatively efficient. 

Developing a quantitative SFE method 
The understanding of SFE mechanisms for the 

extraction of organic pollutants from heterogene- 
ous environmental samples is simply not well 
enough developed to propose a single approach to 
SFE methods. However, careful consideration of 
the various mechanical and physicochemical as- 
pects of SFE that are discussed above has led to a 
general approach that has proven very useful for 
the development of quantitative SFE methods in 
our laboratory. The following discussion attempts 
to list a sequential method of developing a quantita- 
tive SFE method based on the scheme shown in Fig. 
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Fig. 8. Proposed interactive scheme for the development of 
quantitative SFE methods for complex environmental samples. 
Discussion of the individual steps is given in the text. 

8, however, it must be recognized that such devel- 
opment is an interactive process and some of the 
steps may need to be repeated during the optimiza- 
tion process. 

Selection of initial extraction conditions. The first 
methods development task is to determine the ini- 
tial extraction conditions based on considerations 
of the polarity of the target analytes (and solubility 
data, if available), the matrix composition (e.g., wa- 
ter content, organic content, mineral composition, 
particle size), and any literature reports of success- 
ful SFE methods for similar samples. If no relevant 
solubility or extraction results are available for the 
target analytes, initial conditions may be chosen 
based on the polarity of the analyte, (e.g., using the 
general rule described above that pure CO2 will 
generally solvate GC-able analytes at “normal” ex- 
traction conditions such as 400 atm and 50°C). If 
the analytes are fairly polar (or ionic) or have high- 
molecular-masses, the addition of an organic mod- 
ifier (or for ionic compounds, an ion pairing reagent 
[ 161) may be necessary to obtain sufficient solubility 
of the analyte in the extraction fluid. The use of a 
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more polar fluid such as CHCIFz may also be useful 
as discussed below, however, little data exists in the 
literature to help select such fluids. If no basis exists 
(other than the polarity of the target analytes) for 
selecting initial conditions, reasonable starting 
points (for non-polar analytes) would be extraction 
with 0.5 to 2 ml/min of pure CO2 at the upper pres- 
sure limit of the SFE system (typically 340 to 650 
atm, depending on the manufacturer) and a moder- 
ate temperature (50-lOo”C), and (for polar ana- 
lytes) extraction with similar conditions with CO2 
modified with 510 vol.% of an organic modifier 
that is itself a good solvent for the target analyte, 
and has properties that do not interfere with the 
subsequent analysis (e.g., the selection of modifiers 
with high boiling points interferes with GC analy- 
sis); if the analysis is performed by spectrometry, 
the modifier must not absorb at the detection wave- 
length. The addition of the modifier will also raise 
the critical temperature of the mixture, so the ex- 
tractions should be performed at slightly higher 
temperatures (e.g., 70°C for modified COZ). 

Preliminary extractions of representative samples. 
The choice of initial extraction conditions also 

should include consideration of “mechanical” 
problems related to the sample matrix which may 
occur during the extraction since the solution to 
these problems may also affect the collection effi- 
ciencies. For example, samples with high concentra- 
tions of water and/or extractable matrix compo- 
nents will likely require that linear restrictors be 
heated and/or that drying or dispersing agents be 
added to the sample to avoid plugging of the re- 
strictor during the SFE step. Preliminary extrac- 
tions of representative samples should be perform- 
ed to investigate if such problems are significant. 
These preliminary extractions are also useful to se- 
lect a “reasonable” sample size based on sensitivity 
requirements, sample availability (e.g., 1 g is a very 
large sample of air particulate matter, but is a small 
soil sample), and sample homogeneity. (Because of 
the flow considerations discussed above, SFE is 
most easily applied to smaller samples, and samples 
of a few grams or less is a reasonable starting point.) 
It is particularly useful to perform preliminary ex- 
tractions of a limited number of samples that repre- 
sent the range of analyte, water, and co-extractable 
matrix concentrations that might be expected in fu- 
ture samples so that the analyst is familiar with the 
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types of matrix problems to be encountered. Be- 
cause of the shape of the extraction rate curves gen- 
erally encountered with heterogeneous environmen- 
tal samples, preliminary extraction times of 30 min 
are useful since longer extraction times (using the 
same SFE conditions) generally do not yield’sub- 
stantially higher recoveries. 

Determination of collection eficiencies. Once the 
preliminary extraction conditions have been deter- 
mined, the collection efficiencies of target analytes 
which have been spiked onto a relatively non-active 
matrix (e.g., sand) at concentrations expected to be 
encountered in real-world samples should be deter- 
mined. Quantitative recovery of the spiked analytes 
will demonstrate that: (i) the collection system is 
efficient, (ii) sufficient flow is available to overcome 
the void volume effects in the cell, and (iii) the ana- 
lytes are soluble enough to be dissolved in the su- 
percritical fluid (however, this does not necessarily 
demonstrate that the fluid can extract the analytes 
from real samples as discussed above). 

In general, the quantitative collection of analytes 
less volatile than n-octane or naphthalene is not dif- 
ficult in a few ml of the proper liquid solvent [I l- 
131, as long as care is taken in performing the collec- 
tion step (although it is possible to have low collec- 
tion efficiencies of non-volatile analytes when the 
liquid solvent collection system is poorly designed 
as in ref. 27). However, the collection in a few ml of 
solvent of more volatile compounds such as ben- 
zene and toluene is difficult (ca. 45% and 75% effi- 
ciency, respectively [28], and the quantitative collec- 
tion of such volatile analytes may require the use of 
sorbent traps or on-line approaches such as SFE- 
GC. 

If low recoveries of the spike are observed, the 
reason can often be determined by observing the 
spike recovery efficiency of a homologous series of 
related analytes. For example, if an extraction is 
being developed for PAHs, recoveries could be de- 
termined for a spike containing a range of PAHs 
including naphthalene (M, 128) and representative 
PAHs with molecular masses of 178, 202,228, 252, 
and 276. If the spike recoveries of the more volatile 
components are low, and the recoveries of the less 
volatile compounds are high, volatilization losses 
are indicated, and the trapping system must be im- 
proved as discussed in refs. 10-13 (losses from vola- 
tilization during the spiking step must also be con- 

sidered). Conversely, if the recoveries of the volatile 
components are high, and the recoveries of the less 
volatile components are low, then the extraction 
condition (e.g., solvation strength of the supercrit- 
ical fluid) is not sufficient for the larger (less soluble) 
PAHs (although losses by deposition in the depres- 
surization system may also be responsible). Regard- 
less of the trapping method used, quantitative spike 
recoveries must be demonstrated before further de- 
velopment of the SFE method is warranted. 

Determine extraction ejficiency. Once high spike 
recoveries have been achieved, the first determina- 
tion of the SFE efficiency of the target analytes 
from real-world samples can be performed. At this 
stage in the development, one hopes for good luck, 
i.e., that the conditions that were satisfactory for 
spike recoveries will also yield quantitative recovery 
of the native analytes. Since the concentration of 
the native analytes can not be known in real-world 
samples, the definition of “quantitative” must first 
be determined. For reasons discussed earlier “quan- 
titative” should not be based on spike recovery 
data. Therefore, the decision must be made whether 
to base “quantitative” recovery using the SFE 
method on the recovery of conventional extraction 
(e.g., Soxhlet or sonication) results, or the use of 
multiple sequential extractions using different ex- 
traction techniques. If, based on the definition of 
“quantitative,” the present SFE conditions yield 
satisfactory recoveries, the method can be consid- 
ered complete. However, if the recoveries are not 
“quantitative,” additional development of the 
method will be required (Fig. 8). 

Optimizing SFE conditions. Since the spike recov- 
ery studies have already demonstrated that the tar- 
get analytes are sufficiently soluble to be extracted 
with the initial SFE conditions, low recovery of the 
analytes must be based on the inability of the initial 
SFE conditions to efficiently overcome matrix-ana- 
lyte interactions. Alternatively, the sample could 
contain too high concentrations of the target (and 
non-target) analytes that could saturate the extrac- 
tion fluid. The flow-rate studies described above are 
a simple method to determine which of these mech- 
anisms is predominant. If the use of higher flow- 
rates results in substantial increases in recovery of 
the native analytes, it is likely that simply exposing 
the sample to more fluid by increasing the extrac- 
tion flow-rate (which may make analyte collection 
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more difficult) or increasing the extraction time will 
yield quantitative recoveries. Simple changes to in- 
crease the solubility of the analytes such as raising 
the extraction pressure (i.e., fluid density) should 
also be considered. 

However, if increasing the extraction flow-rate 
(or extraction time) does not yield substantial in- 
creases in the recoveries of the native target analytes 
(as shown in Fig. 4) the initial SFE conditions are 
not sufficient to efficiently overcome analyte-matrix 
interactions (i.e., interactions not experienced by 
the spiked analytes). Assuming that the upper pres- 
sure of the extraction system is already being ex- 
ploited, three useful parameters are available to in- 
crease the extraction rates, i.e., use of different 
(more polar) fluids than COZ, the addition of or- 
ganic modifiers to C02, and increasing the extrac- 
tion temperature. 

Depending on the SFE system used, the effect of 
increasing the extraction temperature with pure 
CO2 extractions can be very simple to evaluate (a 
simple and inexpensive approach for performing 
SFE at temperatures up to 200°C is described in ref. 
20). Even though the solubility of the target analyte 
may actually decrease at higher temperatures (and 
constant pressure) because of lower COZ density, 
extraction at 200°C has been shown to be extremely 
effective in obtaining quantitative recoveries of 
PCBs from sediment and PAHs from air particulate 
matter, indicating that the kinetics of the partition- 
ing process are improved [20]. For example, when 
extractions were performed for 40 min with pure 
CO2 at 350 atm, increasing the extraction temper- 
ature from 50 to 200°C yielded ca. one-and-one-half 
to two-fold increases in the recovery of PCBs, and 
two- to six-fold increases in extraction efficiencies of 
the PAHs. While results of SFE with pure COZ at 
“normal” temperature (50°C) were not quantitative 
based on the concentrations certified by NIST 
(based on 32-48 h of Soxhlet extraction), extraction 
at 200°C yielded recoveries that generally met or 
even exceeded the certified concentrations [20]. 

Increased recoveries may also be achieved by us- 
ing different SFE fluids. Unfortunately, no fluids 
have the attractive characteristics attributed to CO2 
(low toxicity, low reactivity, and low environmental 
impact), although NzO and CHCIFz may be worth 
investigating when recoveries with pure COZ are 
low. N20 yields higher recoveries than CO2 for 

some samples (e.g., PAHs from marine sediment, 
chlorinated dioxins from fly ash [25,29]), however 
NzO did not yield increased recoveries from some 
samples such as PAHs from waste sludge or PCBs 
from river sediment [5]. In addition, NzO can react 
with easily oxidized organics, and may present a 
safety hazard for routine applications [30]. CHCIFz 
(freon-22) has been the most efficient pure SFE fluid 
that we have encountered, and has been shown to 
yield excellent recoveries of nitro-PAHs, PAHs, 
PCBs, and even some ionic species from a variety of 
matrices [5,24]. Despite its excellent characteristics 
as an extraction fluid, CHClF* does cause fused- 
silica restrictors to break easily and is less desirable 
because of ozone destruction caused by freons (al- 
though CHCIFz has a relatively low ozone-deple- 
tion potential [31]). 

If higher temperature extractions or the use of 
alternative fluids are impractical or ineffective, the 
addition of organic modifiers to COZ is the next 
logical step. Although methanol has been the most 
often used modifier, many other potentially useful 
modifiers (including ion pairing reagents [ 16,171) 
should be evaluated. Unfortunately, little informa- 
tion is available to aid the choice of modifiers (and 
their concentrations), and until the action of mod- 
ifiers (and related analyte-matrix interactions) is 
better understood, the optimal selection of modi- 
fiers to extract complex environmental samples 
should be based on a survey of suitable candidates 
(as well as consideration of the modifier’s effect on 
collection recoveries and on the subsequent method 
used to analyze the extract). 

Three basic approaches to adding modifiers can 
be used, i.e. purchasing a pre-mixed cylinder of the 
modifier in COZ, purchasing an SFE system (e.g., 
dual pump) capable of modifier addition, or simply 
adding the modifier to the extraction cell with the 
sample. Unfortunately, surveying the abilities of 
several modifiers with the first two approaches can 
be quite time-consuming and expensive. While add- 
ing the modifier to the sample in the extraction cell 
has the disadvantage that the modifier is not contin- 
ually introduced during dynamic (continual flow) 
SFE, its inherent simplicity and low cost suggests 
that the initial choice of modifier identity and con- 
centration be based on this method. An appropriate 
survey of modifiers can easily and rapidly be per- 
formed using a single pump by adding an appropri- 
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TABLE III 

ENHANCEMENT IN PAH RECOVERIES FROM URBAN 
AIR PARTICULATES USING DIFFERENT MODIFIERS 
IN CO, 

Values given are the quantities of each PAH extracted with a 
5-min static extraction with the modifier listed followed by a 
IO-min dynamic extraction with pure CO, divided by the quanti- 
ties of each PAH extracted from a fresh sample using a 15-min 
dynamic extraction with pure CO,. 

Modifier 
(% v/v) 

Enhancement in recovery vs. pure CO, 

Fluoranthene Chrysene Benzo[ghz]perylene 

Methanol (10) 1.0 1.1 1.3 
Methanol (1) 0.9 1.0 1.1 
Toluene (10) 1.1 1.4 4.8 
Toluene (1) 1.0 0.8 1.1 
Aniline (10) 2.4 1.8 2.0 
Aniline (1) 2.3 1.1 1.4 

ate volume of the modifier to the extraction cell 
with the sample, pressurizing and performing a stat- 
ic extraction (no flow out the cell) for 5-30 min, 
then recovering the analytes with a dynamic extrac- 
tion step with pure COZ for 10 to 30 min. 

The results of such a modifier survey for the ex- 
traction of PAHs from urban air particulate matter 
are shown in Table III. Each extraction was per- 
formed on 400-mg samples placed in a 2.5-ml ex- 
traction cell. Each modifier was added at 1 or 10% 
of the cell volume, the cell was pressurized with 400 
atm COZ (SO’C), and the static extraction was per- 
formed for 5 min followed by a dynamic extraction 
for 10 min with pure CO*. As shown in Table III, 
the enhancement of the PAH recoveries (calculated 
as the ratio of the individual PAHs extracted with 
the modifier compared to the amount extracted in 
15 min with pure C0.J with the different modifiers 
varied by both the polarity of the modifier, its con- 
centration, and the individual PAH. For example, 
methanol was the poorest modifier for all of the 
PAHs, and only yielded slight improvement in re- 
covery for benzo[ghzjperylene at the 10% concen- 
tration. Toluene yielded no significant enhancement 
for fluoranthene, however 10% toluene was by far 
the best modifier for the benzo[ghi]perylene. In con- 
trast, 10% aniline yielded the same approximate en- 
hancement (cu. two) for all of the PAHs. (It must be 

noted that these were only 5-min extractions in 
presence of the modifier so that differences between 
modifiers would be accentuated. A normal SFE 
would involve a longer contact of the modifier with 
the sample, and it is likely that both toluene and 
aniline modifiers would yield good recoveries of the 
PAHs.) 

The addition of modifier directly to the sample 
may not yield as high of extraction efficiencies as 
dynamic extractions (using a dual pump system or 
pre-mixed cylinders) since the modifier is present 
only during the static extraction step. When the 
modifier acts by increasing the solubility of the ana- 
lyte in the extraction fluid, a constant addition of 
modifier should yield higher extraction efficiencies. 
However, if the modifier acts primarily by facilitat- 
ing the removal of the analytes from the matrix ac- 
tive sites (and not by increasing its solubility in the 
extraction fluid), the simple addition of the modifier 
to the sample (with a static extraction step followed 
by a dynamic extraction step with pure COZ) may 
be sufficient and eliminate the need to purchase a 
dual pump system or pre-mixed fluids. 

CONCLUSIONS 

The development of quantitative SFE conditions 
is facilitated by an interactive process of developing 
quantitative collection conditions for the extracted 
analytes, determining the extraction kinetics (in- 
cluding effect of the extraction fluid flow-rate), and 
finally by determining the extraction condition that 
will cause efficient and rapid partitioning of the 
analytes from the matrix active sites into the extrac- 
tion fluid. Regardless of the approach used to in- 
crease SFE recoveries, any significant changes in 
the extraction condition should be followed by a 
new spike recovery study to determine collection 
efficiencies (e.g., higher temperature extractions 
may reduce the collection efficiencies of cryogenic 
and liquid solvent traps, the addition of an organic 
modifier may reduce the collection efficiency of a 
sorbent trap). While repeated determinations of 
spike recoveries may seem laborious, it has been our 
experience that careful attention to collection effi- 
ciencies during methods development can save 
great amounts of overall effort, since poor recov- 
eries are often incorrectly attributed to the extrac- 
tion process rather than the collection process (and 
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therefore the methods development efforts are fo- 
cused on the wrong step in the SFE scheme). The 
speed at which the extractions can be performed 
(e.g. a typical extraction time is 30 min, and more 
than one extraction can be performed at a time) 
makes the development work faster than might be 
expected. Indeed, the SFE experiments can often be 
performed more rapidly than the analysis of the ex- 
tracts (e.g., a GC analysis normally requires 30 to 
60 min) particularly when many fractions are col- 
lected from a single extraction as described for the 
extraction kinetic studies. In addition, the use of 
this general approach has helped our laboratory de- 
velop and validate quantitative SFE conditions for 
a variety of analytes ranging from volatile non-po- 
lar species to non-volatile ionic species from a large 
range of complex environmental matrices. In every 
case, SFE extraction conditions have been devel- 
oped that yield high efficiencies with extraction 
times of 40 min or less. 
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